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Abstract 
The chemical composition and charge of the biotite near-surface, in contact with NaCl bearing 
aqueous solutions at 25 °C from pH 1 to 12, has been derived via zeta potential measurements and 
potentiometric titrations performed for 20 and 60 minutes in batch reactors. Zeta potential 
measurements yielded an isoelectric point of pH 3.0 (± 0.2) and batch potentiometric titrations yielded 
a pH of immersion of 9.66 (S.D. 0.24). From batch potentiometric titrations we determined both the 
proton consumption and the metal release from the biotite surface as a function of pH. Potassium 
removal from the near-surface of biotite is only slightly dependent on pH with a minimum of ~ 6 
atoms nm-2 removed at the immersion pH, corresponding to an of average depletion depth of ~ 1.5 
nm. In contrast, the release of Mg, Al and Fe is strongly pH-dependent as those metals are 
preferentially removed from the biotite surface at pH less than 9 (Mg) and 4 (Al, Fe). The average 
depletion depth of Mg, Al, and Fe increases with decreasing pH, reaching on average ~ 2 nm at pH 
~1. The removal of K, Mg, Al, and Fe is not charge conservative, resulting in a relative negative 
charge in the biotite near-surface. Taken together, our results indicate that the composition of the 
biotite surface varies dramatically as a function of pH. At basic conditions, the biotite near-surface is 
K depleted and likely hydrogen enriched. At near-neutral conditions, the biotite near-surface is 
comprised of only the Si and Al tetrahedral, and the Fe (II) octahedral framework, following the 
removal of both alkali metals and Mg. Finally, at acidic conditions, the biotite near-surface is 
comprised exclusively of a remnant Si, O and H framework. The results of these experiments give an 
  
indication of the composition and charge of the biotite surface in the natural environment, following 
contact with water, for example in the vadose zone, and can help us understand weathering reactions 
in these systems.  
1.  INTRODUCTION 
Mineral surface composition and charge are often linked to mineral reactivity and adsorption 
properties (e.g. Pokrovsky et al., 1999; Sverjensky, 2004). Among the most significant minerals in the 
subsurface, in terms of controlling the chemical composition and evolution of surface waters, are the 
phyllosilicates (including clays). This is due to their large surface areas and high ion-exchange 
capacity (Sposito, 1984; Davis and Kent, 1990; Drever, 1997; Bowser and Jones, 2002). Several 
recent studies reported that due to metal exchange reactions, the composition of the near-surface of 
multi-oxide minerals depends strongly on the composition of its surrounding aqueous phase (e.g. 
Pokrovsky and Schott, 2000; Chaïrat et al., 2007; Oelkers et al., 2009). In an attempt to extend these 
concepts to phyllosilicates, we have performed a series of batch potentiometric titration experiments 
and electrokinetic measurements on biotite surfaces as a function of aqueous solution pH from 1 to 
12. The purpose of this paper is to report the results of these experiments aimed towards the improved 
understanding of how the surface compositions of phyllosilicate minerals are influenced by the 
aqueous phase composition.  
Mineral surface chemistry has often been linked to dissolution rates (Morel and Hering, 1993). 
Early studies attempted to correlate mineral surface charge to the concentration of surface-sites, 
determined via potentiometric titrations as a function of pH (e.g. Furrer and Stumm, 1986; Brady and 
Walther, 1990; Pokrovsky and Schott, 2004). This approach has subsequently been questioned by 
observations that in addition to proton absorption and desorption a large number of reactions 
influence proton consumption during potentiometric titrations (e.g. Oelkers et al., 2009). Furthermore, 
dissolution rates of a wide range of minerals can depend on the activity of aqueous metals present in 
solution (e.g. Oelkers et al., 1994; Gautier et al., 1994; Devidal et al., 1997; Gislason and Oelkers, 
2003; Wolff-Boenisch et al., 2004; Carroll and Knauss, 2005; Saldi et al., 2007). A further motivation 
of this study is therefore to characterise the reactions controlling the surface chemistry of a reference 
  
phyllosilicate, biotite, to improve our understanding of the overall dissolution mechanism of this 
widespread family of minerals. 
A further motivation for a quantitative understanding of the surface properties and dissolution 
behaviour of phyllosilicates is due to their significance as a nutrient source in the terrestrial 
environment. A number of studies have reported on the crucial role of micro-organisms in weathering 
primary minerals and acquiring key nutrients (e.g. Leyval et al., 1991; Drever and Stillings, 1997; 
Wallander and Wickman, 1999; Adeyemi and Gadd, 2005; Gadd, 2007; Buss et al., 2007; Lian et al., 
2008, Smits et al. 2012). Several studies focussed on biotite weathering and metal acquisition by 
bacteria (e.g. Balland et al., 2010) and fungi (e.g. Balogh-Brunstad et al., 2008; Bonneville et al., 
2009, 2011). Remarkably, for fungi, the weathering process is a combination of mechanical forcing of 
the biotite near-surface and several chemical alteration pathways. These studies also demonstrated 
that the near-surface properties of biotite are crucial in controlling the initiation of weathering 
processes. Yet, how the chemistry of the biotite near-surface influences both nutrient availability and 
the mechanism of micro-organism nutrient acquisition is still unknown.  
In this study, we have assessed the degree to which the biotite near-surface chemistry is 
influenced by the composition of its surrounding aqueous phase. We have done this through a series 
of batch potentiometric experiments at 25 °C and between pH 1 and 12, which were also 
complimented through electrokinetic measurements. Titration results were interpreted to (i) evaluate 
the main contributing reaction types occurring at the biotite surface and (ii) determine how the 
composition of the biotite surface varies as a function of pH. 
 
 
2.  EXPERIMENTAL METHODS 
2.1. Mineral sample 
The biotite used in this study originated from the Grasåsen feldspar quarry, Moen, Arendal, Aust-
Agder, Norway (sourced from Agder Naturmuseum, Kristiansand).  A large piece (~ 600g) was 
broken into chunks and all visible inclusions were removed. For the chemical characterization, a 
polished block of the biotite was imaged using a field emission gun scanning electron microscope 
  
(FEG-SEM, FEI Quanta 650 equipped with Oxford an X-Max silicon drift detector, SDD and 
operated at 20 kV).  The biotite, along with inclusions and areas of alteration, was imaged and 
characterised using backscattered electron emission (BSE) and energy-dispersive X-ray spectroscopy 
(EDX). The bulk chemical composition of the biotite was characterised by electron microprobe 
analysis (EMPA, Jeol JXA-8230 running with a tungsten source at 15kV and 15nA) using the average 
of 15 point measurements (∑ oxide weight > 99%) and O10(OH)2 formula units. The electron 
microprobe analysis of the Grasåsen biotite yielded the following chemical composition (K0.913 Na0.011 
Ca0.0002)(Mg1.436 Mn0.004 Fe(II)1.098 Cr(II)0.0004)(Al1.312 Ti(IV)0.184 Si(IV)2.832)(OH)2(O)10. 
The remaining biotite was crushed using a ball mill, jaw crusher, and agate disk mill, removing 
visible inclusions throughout. The < 53 µm size fraction was separated and further crushed for use in 
the batch potentiometric and electrokinetic measurements. Crushed biotite grains were imaged using 
FEG-SEM and grains were observed to be between sub-micron and 10 µm in size (Fig S-1). The 
specific surface area (s) of this crushed biotite fraction was measured via an 11 point krypton
 
adsorption isotherm that was run from 0.046 to 0.30 p/po (equilibrium pressure/saturation pressure) at 
77 K, on a Quantachrome AUTOSORB-1. Samples were degassed with Kr at 120 °C for 23 hours 
before analysis and the surface area was calculated using the BET method (Brunauer et al., 1932) 
based on an assumed cross section of absorbed Kr of 0.205 nm2. The specific surface area of the 
Grasåsen biotite was calculated to be 13.43 m2g-1. The average metal site density at the biotite surface 
was estimated to be 10 nm-2 using VESTA (Momma and Izumi, 2011) for visualising the biotite 
structure as presented by Brigatti et al. (2000). The crushed biotite was also analysed by X-ray 
fluorescence (XRF, Innov-x X-5000) at 10 kV and X-ray diffraction (XRD, Bruker D8) with a scan 
range from 5 to 75° 2θ and a step size of 0.009° 2θ, to give an indication of any impurities within the 
crushed fraction. Reitveld refinement of XRD patterns by Topas software version 4.2 (copyright 
1999−2009 Bruker AXS) indicated the presence of 3.7 wt. % (± 0.5%) calcite, supported by 1.36 wt. 
% calcium (≈ 3.4% calcite) as measured by XRF. Apart from the presence of calcium, XRF analysis 
provided a composition consistent with the biotite stoichiometry determined by EMPA. 
 
2.2. Batch potentiometric titrations 
  
A total of 65 time limited, biotite-bearing batch experiments were performed at 25 °C which, 
when taken together, represent a potentiometric titration series, as previously described by Pokrovsky 
et al. (1999) and Oelkers et al. (2009). In brief, 20g/L of biotite was equilibrated while stirred in a 
polypropylene reactor with a NaCl electrolyte of known ionic strength (I) for at least 12 hours under a 
N2 atmosphere (5.0 grade). Batch reactions were performed by mixing ~7 ml aliquots of this pre-
equilibrated biotite suspension with a known quantity of analytical grade HCl or NaOH in 15ml 
polypropylene vials. Experiments were conducted under a N2 atmosphere, for either 20 or 60 minutes 
and were shaken constantly at 140 rpm, with addition manual shaking every 10 minutes. At the end of 
each titration experiment, the pH in each vial was measured using a Metrohm 713 pH Meter, 
calibrated with certified reference buffer solutions of pH 4.005, 6.866, and 9.183 (CertiPUR, Merck) 
at 25 °C.  
After pH measurement, the fluid from each batch experiment was filtered through 0.2 µm 
cellulose acetate Sartorius Minisart filters (and stored at 4°C analysis. The concentrations of Na, Mg, 
Al, K, Ca, Ti, Cr, Mn, and Fe in the filtered reactor fluids were determined by inductively coupled 
plasma mass spectrometry (ICP-MS, Thermo Agilent 1700C; maximum analytical uncertainty ± 5%) 
while aqueous silicon, Si, was determined using the colorimetric molybdate blue method (Bran & 
Luebbe AutoAnalyzer 3, maximum analytical uncertainty ± 3.5%). 
A control titration series was obtained through otherwise identical experiments using biotite-free 
fluids, i.e., from the pre-equilibrated biotite suspension filtered through a 0.2 µm cellulose acetate 
Nalgene filter unit. The control titration series was performed to determine a baseline for data 
interpretation.  
Full details of all biotite-bearing and biotite-free batch titration experiments can be found in 
Tables A-1 and A-2, respectively, in Appendix A. Details include mineral suspension concentration, 
fluid ionic strength, experiment time, suspension volume, and titrant concentration at the start of the 
experiment (t=0); and, pH and fluid composition at the end of each titration. 
 
2.3. Electrokinetic measurements 
  
The electrophoretic mobility of the biotite powder was measured at 25°C using a Zetaphoremetre 
IV, model Z3000 microelectrophoremeter with a dielectric constant of 80 ±1 V. For each 
measurement, biotite powder was added to individually prepared aqueous NaCl or HCl solutions (I = 
10-1 to 10-3 M) with pH from 1 to 12 and measured within 5 minutes by electrophoresis. As in the 
batch titrations, the pH range for electrophoretic measurements was attained through the addition of 
analytical grade HCl or NaOH. The pH of each fluid sample was measured externally during 
electrophoresis. Measured electrophoretic mobilities were converted to ζ-potentials using the 
Smoluchowski equation (Hunter, 1989) and are presented in Table A-3 in Appendix A, along with the 
details of solutions used for electrophoretic measurement. 
 
 
3. THEORETICAL BACKGROUND 
This study builds from our current understanding of the mineral-fluid interface (c.f. Parks, 1965; 
Parks 1967; Davis and Kent, 1990; Parks, 1990; Sposito 1998; Pokrovsky and Schott, 2000; Oelkers 
et al., 2009; Brown and Calas, 2012). A large number of terms are necessary to describe these 
interfaces, and their definitions can be ambiguous, thus, we briefly review some of these here. 
The zero point of charge (pHZPC) is the pH value where, regardless of source, the net charge at the 
surface of a material is zero. 
There are three primary methods for determining the pHZPC of minerals. (1) The isoelectric point 
(pHIEP), as determined by electrokinetic measurements, indicates the pH at which there is no net 
charge at the hydrodynamic shear-plane of a particle in solution; and therefore, the point at which 
there is no movement of particles in an electric field (note that ions can adsorb to the mineral surface 
and hence contribute to the charge at the hydrodynamic shear-plane and, therefore, to pHIEP). (2) 
Acid-base potentiometric titrations of a mineral yield the point of zero net proton charge (pHZNPC), the 
point at which the concentrations of H+ and OH- ions consumed by a surface are equal, therefore 
giving the surface a net neutral charge. This is synonymous with the pH of an aqueous solution in 
equilibrium with a mineral, when no titrant has been added, also referred to in this study as the 
  
immersion pH (pHimm). (3) The common intersection point of acid-base titration curves at two or more 
ionic strengths yields the point of zero salt effect (pHPSZE).  
When there is no internal net charge on the mineral and in the absence of ions for adsorption, 
other than H+ and OH-, pHIEP = pHZNPC = pHPZSE = pHZPC (Sposito, 2004). However, in a large number 
of cases pHIEP ≠ pHPZSE (c.f. Sverjensky, 2004) and in such cases the pHIEP determined at low ionic 
strengths (e.g. 0.001-0.01 M) may be more representative of pHZPC (Sverjensky, 1994). Furthermore, 
to accurately model the mineral surface, both the surface composition and the electrochemical state 
must be considered. Both these parameters can be determined via potentiometric titrations by 
quantifying proton consumption at both the mineral surface and in all other proton-consuming 
reactions. These in turn can all be determined from accurate pH measurements in combination with 
aqueous analysis of the dissolved species present during the titration.  
In this study, the total amount of protons consumed, normalized to mineral surface area, ([H+tot], 
atoms nm-2) during timed batch titration experiment was derived from the difference between the 
calculated proton concentration in each reactor at the start of each titration ([H+]t=0, mole kg-1) and the 
concentration of protons determined from the measured pH of the aqueous suspension, after its 
interaction with biotite powder ([H+]t=t, mole kg-1). The value of [H+]t=0 was calculated using: 
 
(1) 
where ma and me (mol kg-1) correspond to the concentration of protons in the added titrant and the 
mineral-electrolyte suspension, respectively, while Ma and Me (kg) designate the masses of these 
fluids. Proton concentration at the end of each experiment [H+]t=t was calculated from the measured 
pH, such that 
 
(2) 
  
where γi (kg mol-1) designates the activity coefficient of the ith aqueous species, calculated using the 
Davies equation (Davies, 1962), and  stands for the water ionisation constant (10-14; IUPAC, 
2006). Combining Eqs. (1) and (2) leads to [Htot+] which can be represented as: 
 
(3) 
where N designates Avogadro’s number (6.02 x 1023), M (kg) the mass of mineral powder, and s (m2 
kg-1) the biotite powder specific surface area (adapted from Oelkers et al., 2009). The quantity of 
protons consumed due to the presence of biotite ([H+s], atoms nm-2) was calculated by subtracting 
from [H+tot] the protons consumed in an equivalent biotite-free titration at each corresponding pH 
([H+0], atoms nm-2) 
     (4) 
where [H+0], for a given pH, was interpolated from a regression of the biotite-free titration curve (after 
an immersion period of 12 h, see section 2.2). 
During each batch titration, protons were consumed or produced by reactions occurring either in 
the aqueous solution ([H+sol]) or through incorporation into/onto mineral surfaces ([H+surf]), such that: 
    (5) 
During the titration, three proton related, aqueous solution-based reactions occur (Eq. 6): (i) biotite 
dissolution, [H+dis], (ii) calcite dissolution [H+carb] and (iii) hydrolysis of aqueous cations, [H+hy], such 
that [H+sol] can be written as: 
     (6) 
Similarly, two reactions can incorporate protons onto or into the mineral surface (Eq. 7): (i) metal 
exchange reactions, [H+ex], and (ii) proton adsorption, [H+ad] and therefore [H+surf] can be written as:  
    (7) 
Combining Eqs. (5), (6), and (7) allow formulation of the following expression for the total number of 
protons consumed via aqueous solution-based and mineral surface reactions (Eq. 8): 
   (8) 
  
Details on these five proton-related reactions are presented below with representative worked 
examples outlined in Appendix B. 
 
3.1. Biotite dissolution reactions 
In this study, biotite dissolution was assumed to be stoichiometric and consistent with Si release, 
thus the dissolution reaction can be represented as: 
 
(9) 
where ni refers to the stoichiometric coefficient of metal Mi in the biotite formula, normalized to one 
Si, and zi the charge of the Mi th free ion in aqueous solution. Through the dissolution of one biotite 
molecule   protons are consumed. Therefore, the number of protons consumed by dissolution, 
[H+dis], is proportional to the number of Si atoms released to the fluid, so that: 
 
(10) 
where [Sis] (atoms nm-2) is the surface area normalized number of Si atoms released into aqueous 
solution during the titration. 
 
3.2. Calcite dissolution reactions 
 The quantitative XRD analyses of our starting material revealed the presence of 3.7 wt % 
calcite. The release of 1 mole of Ca from calcite dissolution is accompanied by the release of 1 mole 
of CO32-. The released CO32- is present in solution as either CO32-, HCO3- or H2CO3, depending on pH, 
with the latter two species consuming 1 and 2 protons respectively. In a CO2 free system, the total 
carbonate concentration [carbonates] (atoms nm-2) is equal to the calcium concentration released from 
calcite dissolution [Cacarb, s] (atoms nm-2). This can be calculated from: 
   (11) 
  
where, [Cas] represents the surface area normalised total calcium concentration, nCa[Sis] represents the 
contribution of Ca released from biotite dissolution. The concentrations of the carbonate species are 
calculated using the PHREEQC 3 computer code (Parkhurst and Appelo, 2013) and proton 
consumption by calcite dissolution [H+carb] based on: 
    (12) 
where, [H2CO3] and [HCO3-] represent the concentrations of carbonic acid and bicarbonate in aqueous 
solution, respectively. 
 
3.3. Aqueous Hydrolysis 
The hydrolysis of aqueous metals in aqueous solution can be written as: 
 
(13) 
where nH is the stoichiometric coefficient. In addition, above pH 9, silicic acid dissociates following:  
    (14) 
and therefore the net proton change induced by hydrolysis, normalised to mineral surface area, can be 
written: 
  (15) 
[H+hy] (atoms nm-2) is calculated by combining Eq. (13) with speciation calculations performed using 
the PHREEQC 3 computer code (Parkhurst and Appelo, 2013). 
 
3.4. Metal-proton exchange reactions 
In addition to stoichiometric dissolution of biotite, a fraction of total dissolved metals can be 
attributed to metal-proton exchange reactions. The amount of dissolved metals solubilised via 
exchange reactions can be calculated as: 
     (16) 
  
where [Mi,ex] (atoms nm-2) represents the number of Mi atoms exchanged from biotite during each 
batch titration experiment and [Mi,s] (atoms nm-2) represents the number of Mi atoms released to 
aqueous solution, normalised to the measured biotite surface area, while ni[Sis] represents the 
concentration of the i th element ascribed to stoichiometric dissolution. Metal exchange from a 
surface can coincide with proton consumption:  
 
(17) 
where >Mi and  stand for a mineral surface site filled with a metal or proton 
respectively, and  denotes the number of protons consumed by the mineral surface for the 
exchange of one Mi atom. Therefore, the total number of protons that could be consumed by all 
exchange reactions ([H+ex]), if charge is conserved, is equal to: 
 
(18) 
Reaction (17) allows for the replacement of Mi with more or less protons than is necessary for 
charge balance. A number of previous studies have concluded that charge balance is not always 
retained during metal-proton exchange reactions. For example, Oelkers et al. (2009) reported that 3.8 
protons are consumed by the removal of each Mg from forsterite, 3.1 to 3.3 protons are consumed by 
the removal of each Mg or Ca from diopside or enstatite, and 1.4 protons are consumed by the 
removal of Ca from wollastonite. Yet, such a non-conservation of charge is not necessarily true for all 
metal exchange reactions, and for example, albite dissolution has been interpreted to proceed via 
charge conservation with respect to Al exchange (Oelkers et al., 2009). This aspect is discussed in 
more detail below.  
 
3.5. Surface adsorption 
  
The last aspect of proton consumption that needs to be considered is the adsorption and 
desorption of protons from hydroxyl surface sites, following the generic reactions:  
    (19) 
and 
    (20) 
The proportion of these reactions to the total proton consumption ([Had+]) can be calculated using Eq. 
(8), after first calculating the contributions from dissolution, hydrolysis and metal-proton exchange 
processes.  Eqs. (1) to (20) are used below to interpret proton consumption by reactions occurring at 
the biotite surface during batch titration reactions.  Results are discussed in terms of atoms nm-2, 
allowing ready comparison to pre-existing literature data on mineral surface reactive site density. 
 
4.  RESULTS 
Results show that the concentration of protons consumed by biotite, during the titration series, 
increases with decreasing pH. The minimum proton consumption occurs at pH ~ 10, consistent with 
the immersion pH (pHimm). The total amount of metals released from dissolution and metal-proton 
exchange reactions increases with decreasing pH. Electrokinetic measurements performed over 3 
orders of magnitude of ionic strength yielded an isoelectric point at pH ~ 3. These results will be 
presented in detail below. 
 
4.1. Batch potentiometric titrations 
4.1.1 Proton consumption 
Total proton consumption during the 65 biotite-bearing batch experiments performed in this 
study is shown in Fig. 1. It can be seen that proton consumption during the 20 minute titration series 
are identical, within uncertainty, to the corresponding proton consumption during the 60 minute 
titrations (Fig. 1A). The pH values of the biotite suspension after the immersion period (pHimm, also 
depicted in Fig. 1A) yield an average of 9.66 (S.D. 0.24; n = 7). The batch titration series from biotite-
bearing and biotite-free experiments yield two distinct functions and are presented on a plot of 
  
log[H+]t=0 against pH in Fig. 1B. The results shown in Fig. 1B appear to be independent of the fluid 
ionic strength (e.g., NaCl concentration). In all cases, the pH of the biotite-free series is lower than the 
corresponding pH in the biotite-bearing reactors, indicating that fluid-biotite interaction consumed 
protons during the titrations. At a given pH, the difference between these two curves corresponds to 
[H+s], as defined in Eq. (4), and calculated using the cubic regression of the biotite-free titration 
results shown in Fig. 1B. 
The number of protons consumed by all reactions occurring in the presence of the biotite, [H+s], 
dramatically changes with pH (Fig. 2). At pH ~ 1, this value exceeds 100 atoms nm-2, and decreases to 
zero at the immersion pH (pHimm). The [H+sol] and [H+surf] values shown in Fig. 2 were calculated 
using Eqs. (5) and (6) and correspond to the number of protons consumed via dissolution and metal 
hydrolysis, and metal-proton exchange and adsorption, respectively. It should be noted that [H+sol] is 
similar to [H+s] above pH ~3, meaning that the contribution of [H+surf] is approximately 0 in this 
region.  
 
4.1.2 Dissolution dependent and independent metal release 
The surface area and biotite-stoichiometry normalised concentration of metal Mi removed from 
the biotite near-surface during the timed batch titrations ([Mi,s,b], Fig. 3), decreases with increasing 
pH. From 16 to 6 atoms nm-2 of potassium is removed from the biotite surface from pH 1 to 12 
respectively (Fig. 3A). Approximately 6 atoms nm-2 of K are released immediately at the start of the 
titration as indicated by the value of K released at pHimm. The release of magnesium, iron, aluminium, 
and silicon (Fig. 3A and 3B), systematically increases with decreasing pH, with silicon being released 
least from the biotite near-surface when normalized to the solid phase composition. Consistent with 
the theoretical formalism described above (section 3.1, Eqs. 9 and 10), Si release is attributed solely to 
biotite dissolution, while the release of the other metals is attributed to a combination of dissolution 
and metal-proton exchange reactions. The concentrations of several minor and trace metals released 
from the biotite near-surface during batch titrations are listed in Table A-1 along with the 
concentration of the background electrolyte (NaCl, see Na) which is also presented in the inset of Fig. 
3B. It is worth noting that the high concentrations of Ca found in the aqueous solutions is consistent 
  
with the dissolution of approximately 3.2 ± 0.5 wt. % calcite, comparable to the 3.4 to 3.7 wt. % 
calcite present in the biotite powder, as determined by XRF and XRD.  
The release of metals from the biotite near-surface by exchange reactions ([Mi,ex]) is also highly 
pH dependent (Fig. 4). Using Fig. 4 we can highlight a number of important observations. First, by 
definition, a metal exchange, [Mi,ex], value of 0 atoms nm-2 indicates stoichiometric dissolution, while 
[Mi,ex] > 1 indicates preferential release and [Mi,ex] < 1 indicates preferential retention (Fig. 4). Results 
show that at the pH of immersion (pHimm, 9.66) ~ 6 K atoms nm-2 are released. As the stoichiometric 
release of K from dissolution (based on the average Si concentration at pHimm) is 0.16 atoms nm-2, at 
the immersion pH, ~97% of the K in solution is a result of metal-proton exchange. With decreasing 
pH, [Kex] increases systematically, attaining a maximum value of approximately 10 atoms nm-2 at pH 
1, where dissolution contributes only ~38% of dissolved K in the fluid. In contrast, [Mgex], [Feex], and 
[Alex] are close to 0 atoms nm-2 at the pHimm. With decreasing pH, [Mgex], [Feex], and [Alex] increase 
steadily with decreasing pH when pH is less than ~9, ~4 and ~4, respectively, reaching between 6 to 
10 atoms nm-2 at pH ~ 1. Furthermore, [Feex] and [Alex] are both negative at pH between 4 and 8, 
while [Mgex] is negative at the most alkaline pH values (> 10.5). This suggests that at these 
conditions, these metals are preferentially retained by the biotite surfaces. 
 
4.2 Electrokinetic measurements 
The ζ potential values of the ground biotite particles in aqueous solutions of ionic strength from 
0.001 to 0.1M NaCl converge at zero ζ (Fig. 5). The point of zero ζ is the isoelectric point (pHIEP) and 
occurs at pH 3.02. The pHIEP of biotite in this study is listed in Table 1 together with the values of 
pHIEP of other comparable minerals from literature. The full list of electrophoretic motilities 
measured, and corresponding ζ-potential can be found in Table A-3 in Appendix A. 
 
 
5. DISCUSSION 
 
  
5.1. Non-stoichiometric metal release and charge conservation 
The degree to which metal exchange reactions are charge balanced by protons can be assessed 
with the aid of Fig. 6. For charge balance, the sum of equivalence of the released metals 
(concentration of exchanged metals multiplied by corresponding charge) should correspond to the 
number of protons consumed by surface reactions [H+surf], indicated by y = x line. Charge balance can 
occur either by H+ incorporation into the structure [H+ex] or H+ adsorption onto the mineral surface, 
both of which are accounted for in [H+surf]. As can be seen in Fig. 6, the relationship between total 
equivalence and [H+surf] is far from 1:1. As there is a proton consumption deficit, it appears that metals 
are removed from the biotite structure without significant charge conservation. 
The non-conservation of charge due to metal release is supported by the pHIEP value of 3.02 
obtained for this biotite. This value is lower than the calculated pHZPC and pHZNPC (see section 5.3 for 
details) and can be explained by the observed metal release. If metals are released without a 
compensating incorporation of protons, the surface becomes increasingly negative.  The combination 
of a relatively negative near-surface and the tendency of the surface to become Si-O rich, causes the 
isoelectric point (pHIEP) to be at a lower pH than that which would be estimated from a sum of oxide 
mineral pHZPC and pHZNPC values. 
At pH < pHIEP (pH < ~3) [H+surf] increases significantly (Fig. 2). This can be attributed to the 
consumption of protons by adsorption onto the biotite surface. Consistent with the non-conservation 
of charge of metal release, the remaining consumption of protons by surface reactions [H+surf] 
corresponds to proton adsorption. In this pH region, where the surface of biotite is predominantly Si, 
the adsorption of H+ forms partly detached silanol groups. 
The relative contributions of proton consumption are presented in Fig. 7. Dissolution reactions, 
[H+dis] and [H+carb] dominate proton consumption (Fig. 7A). The contribution from metal hydrolysis 
[H+hy] is negligible at all pH, as at low pH, metals in solution are present as single ions and at high 
pH, the aqueous concentration of dissolved metals is too low to contribute significantly. As mentioned 
above, [H+ex] and [H+ad] are relatively insignificant at pH > 3 (Fig. 7B).  
 
5.2. Biotite surface composition as a function of pH 
  
The results summarised above provide insight on how the surface chemistry of biotite varies as a 
function of the pH of the adjacent fluid. An understanding of the degree to which the biotite near-
surface is altered by interaction with the adjacent fluid phase is aided by the calculation of the average 
bulk depletion depth of the major constituent metals ( ).  
 
(21) 
The average bulk depth of metal Mi depletion  (  is calculated by dividing [Mi,ex] by the 
average density of metal atoms Mi in the biotite structure (atoms nm-3), where represents the 
stoichiometric coefficient of the Mith metal in the bulk biotite, ρbiotite (g cm-3) signifies the biotite 
density (3.09, average from webmineral.com) and mbiotite (g mol-1) the molecular mass of biotite 
(450.15 g mol-1, for the Grasåsen biotite).  is calculated assuming that there is an abrupt change 
between the near-surface that is affected by the metal exchange reactions (i.e. a metal-free zone) and 
the bulk, non metal exchanged, mineral. The average depletion depth of each metal is illustrated as a 
function of pH in Fig. 8 
As can be seen in Fig. 8, potassium is calculated to be totally removed from biotite to a depth of 
~1.5 nm at pHimm. The DepK due to the titration alone can be calculated by subtracting the value of 
DepK at pHimm. Charge balance constraints suggest that this K removal is accompanied by the 
incorporation of compensating positive ions into the biotite. This compensating positive charge can be 
partially attributed to the incorporation of H+ into the interlayer sites, as demonstrated by the values of 
pHimm ranging from pH 9.2 to 10 (Table A-1). However, a 1:1 charge compensation would require 10-3 
protons, far exceeding the observed increase in pH from a theoretical pH 7 (computed due to the 
absence of CO2) to pHimm. This, therefore, leaves two possibilities, either (1) the charge is 
compensated by a different mono or divalent cation, or (2) K+ release is not completely charge 
conservative. Taking the first option, it is possible that Na from the background electrolyte could 
substitute in the structure for K. If Na for K substitution was responsible for a complete charge 
compensation then it could be expected that Na concentrations would change substantially from the 
  
original concentration during the immersion period. The degree to which this happens can be assessed 
through figure 3B and Table A-1. As the concentration of Na does not significantly change with pH it 
is more feasible that the release of K+ is non charge conservative.  
In contrast, DepMg from the biotite surface increases continuously with decreasing pH. Similar to 
the behaviour of the magnesium in diopside and fosterite (Oelkers, 2009), magnesium in biotite is 
preferentially retained by the mineral at pH >10, and increasingly depleted at pH < 8. Notably, the 
average magnesium depletion depth at neutral conditions ranges from 0.2 to 0.5 nm. As the 
concentration of Mg in the biotite structure is 5.9 atoms nm-3 (Eq. 21), the depletion depth results 
(Fig. 8) suggest that 1 to 3 atoms nm-2 of Mg would have been removed from the biotite surface at the 
pH of most natural waters. This depletion corresponds to 20 to 50% Mg removal from the first unit 
cell of biotite. 
The behaviour of DepAl and DepFe exhibit similar variations with pH at the biotite surface (Fig. 
8). Both metals are present in the mineral in close-to-stoichiometric quantities at pH greater than 8. Al 
and Fe are preferentially retained by the solid phase from pH 4 to 8 and removed to an increasing 
depth with decreasing pH when pH < 4. This preferential retention of Fe and Al by the solid phase at 
pH 4 to 8, and Mg above pH 10, may originate from either secondary phase precipitation or 
preferential retention by the biotite. The former possibility is supported by the calculated saturation 
state of the fluid phase during the titrations (Fig. 9). Between pH 4 and 11, aluminium and iron oxy-
hydroxides are both supersaturated in the fluid phase while some Mg-rich clays are supersaturated in 
the fluid phases of the titrations performed at pH > 9. Comparing the dissolved concentrations of Al 
and Fe at pH (4-8) to that found at the pHimm indicates precipitation. It is therefore likely that Al and 
Fe oxy-hydroxides formed in these experiments on the biotite surfaces.  
These values of are calculated assuming an isotropic biotite structure. Phyllosilicates are, 
however, highly anisotropic. The actual metal depletion depth ( ) in biotite is likely to be highly 
heterogeneous due to the nature of the biotite surfaces (e.g., edges vs. basal surfaces). Turpault and 
Trotingnon (1994) and Hodson (2006) have shown biotite edge surfaces are between 36 and 240 times 
more reactive than the [001] basal. This phenomena suggests that depletion in the current study is 
  
likely far greater at the edges than at the basal surfaces. For example, if we assume that the edges 
comprise 5% of the total geometric surface area (e.g. Bonneville et al., 2011), and the edge:basal 
surface reactivity ratio is 71:1 (Hodson, 2006), we can calculate the relative depletion depths at the 
edge and basal surfaces. Note the assumption that edge surfaces are 5% of the total surface area may 
be a conservative estimate as this ratio increases with decreasing particle size. In the case of 
potassium, such a calculation presents depletion depths between 30 to 40 nm at the edges and up to 
0.5 nm at the basal surface (Fig. S-2). 
Taken together, these observations demonstrate that the biotite surface composition depends 
strongly on fluid pH. At basic conditions (pH > 8), biotite surfaces contain approximately 
stoichiometric proportions of Mg, Fe, Al and Si, but K seems to be completely depleted to a bulk 
average depth of 1.5 nm. At neutral conditions (pH 4 to 8), biotite surfaces are Fe and Al enriched and 
Mg and K poor, relative to Si. At acid conditions (pH < 4), the biotite surfaces contain partly detached 
silanol groups, >Si-OH0, following the removal of most of the univalent, divalent and trivalent metals. 
Additionally, at very low pH (< 2) the bulk average metal depletion depth appears to increase 
dramatically (from 0.5 to 1.5 nm) with decreasing pH. Sheet silicates have been observed to 
preferentially dissolve parallel to the basal plane at low pH, promoting the removal of metals from 
deep within the mineral structure (Kaviratna and Pinnavaia, 1994; Turpault and Trotignon, 1994; 
Bickmore et al., 2001; Bickmore et al., 2003; Saldi et al., 2007). Saldi et al. (2007) presented 
photomicrographs displaying the fanning out of talc edges, exposing an increased reactive surface 
area. Such a mechanism could be responsible for the increased metal release from biotite we observe 
below pH 2 (Figs. 3, 4 and 8). 
 
5.3. Biotite surface chemistry and charge 
The results described above indicate that the surface composition of biotite differs significantly 
from the bulk, implying that the adsorption properties of biotite and phyllosilicates in general, likely 
differ significantly from predictions made solely from the bulk mineral compositions. For example, 
the pHZPC is commonly used to discuss surface charge. Although this has not been directly determined 
in this study, a number of approaches can be used to estimate pHZPC. For example, Park et al. (1967) 
  
suggested that the surface charge of multi oxide minerals can be estimated from the weighted sum of 
the constituent oxides, as used by Jara et al. (2005), 
     (22) 
where Xi corresponds to the mole fraction of the ith oxide and pHIEP,i refers to the isoelectric point of 
the ith oxide. Using this approach, the pHZPC for biotite can be estimated to be 4.12 (Table 1). In 
contrast, the measured pHIEP for biotite is 3.02, a value which is likely influenced by the observed 
metal depletion. Note the presence of calcite has little effect on the pHIEP as it appears to have 
completely dissolved at pH < 4.  
The biotite pHimm value observed in this study (9.66), is vastly different from the measured pHIEP 
(3.02) and calculated pHZPC (4.12). In a number of past studies, pHimm has been assumed to equal 
pHZNPC (e.g. Amerhein and Suarez, 1988; Blum and Lasaga, 1991). The value of pHimm is likely to not 
be influenced greatly by the presence of calcite as very little calcite dissolution occurred during the 
immersion period due to the high fluid pH.  As discussed in section 5.2, a pHimm of 9.66 for biotite can 
be attributed to the partial charge conservation of K release during the immersion period. By 
subtracting the net number of protons consumed by this exchange reaction, the dissolution of both 
biotite and calcite and metal hydrolysis from [H+]t=0 we have calculated a pHZNPC for biotite of 7.50, 
comparable to reported pHZPC values for biotite 6.5 (Alonso, 2003 (as cited in Filby et al., 2008)) and 
6–7 (Alonso et al., 2009), muscovite 6.6, and phlogopite 8 (Sverjensky, 1994), as summarised in 
Table 1. 
However comparable our values for the various points of zero charge of biotite are to literature 
data, it is clear that the sole use of the ZPC, IEP, ZNPC or immersion pH to infer the surface charge 
of biotite at a given pH could provide an ambiguous picture of biotite surface chemistry. As 
previously proposed in Oelkers et al. (2009), accurate modelling the surfaces of complex multi-oxide 
silicates, e.g. phyllosilicates, requires the consideration of a changing surface composition as a 
function of the surrounding fluid chemistry. 
 
  
5.4. Implications of biotite surface chemistry for dissolution kinetics as a function of aqueous 
solution composition 
The dissolution mechanism of minerals has often been related to the chemical composition of the 
surface and the reactions occurring at the mineral-fluid interface (e.g. Furrer and Stumm, 1986; Brady 
and Walther, 1990). For the case of biotite, dissolution rates as a function of pH are similar to that of 
other aluminosilicates, in that they decrease with increasing pH in acidic conditions (i.e. up to pH 7) 
and increase thereafter with increasing pH (Lin and Clemency, 1981a; Lin and Clemency, 1981b; 
Acker and Bricker, 1992; Turpault and Trotignon, 1994; Kalinowski and Schweda, 1996; Malmstr m 
et al., 1996; Malmstr m and Banwart, 1997; Brandt et al., 2003; Balogh-Brunstad et al., 2008; 
Balland et al., 2010; Haward et al. 2011; Cappelli et al., 2013; Voinot et al., 2013). As the pH of 
minimum biotite dissolution rate (~ pH 7) differs from both pHIEP (3.02) and pHimm (9.66), it is clear 
that the biotite dissolution rates are not directly related to proton consumption at the surface. In 
contrast, the biotite surface reactivity appears to be dominated by non charge-conservative metal 
release, shown above to alter the surface composition of biotite as a function of pH. Such metal 
release involves the breaking of metal-oxygen bonds, both at the biotite surface and at a varying depth 
within the mineral, with a shift towards a relatively negatively charged biotite near-surface. The 
breaking of such bonds and the charge imbalance would weaken the biotite structure near the fluid 
interface, facilitating the mineral’s eventual dissolution. As such, it seems likely that such metal 
release reactions are critical in controlling, biotite dissolution rates, consistent with the dissolution 
pathways of a wide variety of other multi-oxide silicates (e.g. Oelkers et al., 1994; Gautier et al., 
1994; Devidal et al., 1997; Gislason and Oelkers, 2003; Wolff-Boenisch et al., 2004; Carroll and 
Knauss, 2005; Saldi et al., 2007). 
 
5.5. Implications for nutrient availability and bio-acquisition. 
As described above, a K depleted zone exists at all pH, extending to a bulk average depth of 2.5 
nm, though this occurs primarily at the edges of the mineral grains (Fig S-2). Indeed, the depletion 
depth of K at the edges of biotite grain varies from 25 up to 40 nm from a pH 0.5 to 11.5 while the K 
depletion on the basal planes barely exceed 0.5 nm maximum at pH 0.5. This potassium depletion 
  
zone formed upon contact with water during the immersion period and this depth appears to be time 
independent for at least 60 minutes.   
In a previous study (Bonneville et al., 2011), we have shown that biotite basal plane can also be 
depleted in K and other elements such Al, Fe and Mg due to mycorrhizal alteration. Upon direct 
contact with biotite surface, fungal hypha can mobilize K up to a depth of 20 nm for pH range of 4.6 
to 5.8 in the hypha near-environment. For the same pH range, the present study in an abiotic, water-
saturated system shows that the basal plane K mobilization is much more restricted, approximately 20 
times less. This observation highlights the effectiveness of fungi to remove potassium from the biotite 
interlayer through a combination of the mechanical and chemical alteration pathways of the biotite in 
direct contact with hyphae. This alteration, or ‘bio-fracking’, comes in 4 forms: (i) forcing the 
crystallographic lattice of phyllosilicates (Bonneville et al., 2009), (ii) the creation of channels at the 
basal surface (Gazzè et al., 2012), (iii) the secretion of a biolayer up to 35nm in thickness (Saccone et 
al., 2012) and, (iv) acidification of the hyphae near-environment at the biotite surface (Bonneville et 
al., 2011). 
6. CONCLUSION 
A combined approach of electrokinetic measurements, potentiometric batch titrations, and 
aqueous solution chemistry analyses have provided insight into the interaction of protons with the 
biotite surface. In brief, our results demonstrate the complex and variable nature of the biotite surface 
as a function aqueous fluid composition. Indeed, the ZPC, IEP, and immersion pH have vastly 
different values for biotite and therefore the sole use of zero points of charge provide an inaccurate 
depiction of biotite surface chemistry. Our study emphasizes the need to consider the variable 
composition of the multi-oxide surface as a function of pH to accurately model the surface chemistry 
of those minerals and understand their chemical reactivity. The processes occurring at the biotite near-
surface observed in this study help us to understand and interpret weathering reactions in microbially 
dominated natural systems. The results of this study will be also be used further to aid the 
interpretation of biotite dissolution kinetics in our next study. 
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Figure Captions 
Fig. 1. 
Concentration of protons in the batch titration reactors at time zero ([H+]t=0, atoms nm-2) against final 
measured pH (t=20 or 60 minutes) at 25 °C and I of 0.01 or 0.001M. Note the difference in y-axis of 
the plots with A) linear, and B) logarithmic.  Values of 0 [H+]t=0 in Fig. 1A indicate the immersion pH 
(pHimm), shown more clearly in the inset graph. Note also the two distinct curves in Fig. 1B, the lower 
curve represents data from biotite free titrations ([H+0] and is fitted with a cubic regression resulting in 
the formula given. The difference between the two curves in Fig. 1B is the value of [H+s] as calculated 
in Eq. (4). The uncertainty of each data point yields error bars within the symbol (± 4.5% for [H+]t=0 
and ± 0.002 pH) 
Fig. 2. 
Number of protons consumed by [H+s], [H+sol] and [H+surf] (atoms nm-2) plotted as a function of pH. 
Error bars represent a 15% [H+] and 0.002 pH unit uncertainties. The dashed lines correspond to the 
pHIEP and pHimm for the Grasåsen biotite, as determined in this study. 
Fig. 3. 
Quantity of metals released from the biotite surface during batch titrations, normalised to mineral 
surface area present in the reactor and mineral stoichiometry, ([Mi,s,b], atoms nm-2) plotted as a 
function of pH for; (A) [Ks,b], [Mgs,b] and [Sis,b], and (B) [Fesb], [Als,b] and [Sis,b]. The concentration 
the background electrolyte (Na, corrected for NaOH addition, moles L-1 x 10-3) is plotted as a function 
of pH in the inset of B. Error bars represent uncertainty of 15% [Mi,s,b], [Na] and 0.002 pH units. 
Fig. 4. 
Quantity of metals exchanged from the biotite surface, normalised to surface area, ([Mi,ex], atoms nm-
2
, Eq. 14) as a function of pH. The solid line where [Mi,ex] = 0 indicates stoichiometric biotite 
dissolution.  Error bars represent an uncertainty of 15% in [Mi,ex] and 0.002 pH units. 
Fig. 5. 
  
Zeta potential (mV) at five ionic strengths plotted against pH. The dashed line corresponds to the pH 
where zeta potential = 0, pHIEP. Error bars represent 2 standard deviations of each zeta potential and 
0.2 pH units. 
Fig. 6. 
Plot of [H+surf] (atoms nm-2) against the sum of equivalence for exchanged metals, , 
excluding Kex. Error bars 15% uncertainty in the calculation of both [H+surf] and the sum of 
equivalence. 
Fig. 7. 
Proton consumption as a function of pH for A) [H+sol] reactions and, B) [H+surf] reactions.  [H+sol] 
reactions in 7A include dissolution reactions ([H+dis] and [H+carb]) and aqueous metal hydrolysis 
([H+hy]). [H+surf] reactions in 7B include metal exchange reactions ([H+ex]) and proton adsorption 
([H+ad]). Error bars represent 15% uncertainty in [H+] and 0.002 pH unit uncertainty. 
Fig. 8. 
Average bulk depth of depletion of exchanged metals from the dissolution surface as a function of pH. 
Depletion depth was calculated using Eq. (19). Error bars represent a 15% uncertainty in calculated 
depth and 0.002 pH uncertainty. 
Fig. 9. 
A plot of saturation index of possible secondary phases in the titration experiments, as a function of 
pH. Phases include, Quartz (SiO2), Sepiolite (Mg2Si3O7 . 5OH . 3H2O), Kaolinite (Al2Si2O5(OH)4), 
Gibbsite (Al(OH)3) and Goethite (FeOOH). Saturation indicies were calculated using PHREEQC 3 
(Parkhurst and Appelo, 2013). 
  
 
Table Captions 
Table 1. pH of various zero points of charge determined in this study unless otherwise stated. 
Mineral pHimm pHIEP pHzpc 
a-SiO2 - 1.3
a
, 2.0
b
 2.91
c
, 2.3 -
3.8
d
 
MgO - 12.4
e
 12.24
c
a-Fe2O3 - 5.4 - 6.9
e
 6
d
 
IV
Al2O3 - 6.8
f
 8.5 - 9
d
 
Muscovite - 0.95
a
 6.6
c
Phlogopite - - 8
c
Biotite - 0.41
a
, 2.6
g
6.5
h
, 6 - 7
i
Grasåsen 
Biotite 
9.66 3.02 4.12
j
, 7.50
k
a Cases (1967) 
b James and Healy (1972) 
c Sverjensky (1994) 
d Kosmulski (2009) 
e Parks (1965) 
f Parks (1967) 
g Rath and Subramanian (1997) 
h Alonso (2003, as cited by Filby et al., 2008) 
i Alonso et al. (2009) 
j Calculated from component single oxide pHIEP values using Eq. 20 (c.f. Jara et al., 2005) 
k pHZNPC Calculated correcting for H+ consumed during immersion by exchange reactions.
  
 
Appendix A 
Table A-1. Experimental details of biotite-bearing batch titrations. * indicates values of pHimm 
Mineral suspension concentration = 19.98 g/L; Initital fluid composition = 10
-2
M NaCl; Titration time 
= 20 minutes; Suspension volume = 0.007 L 
  Titrant 
(mol/L 10
-3
) 
Fluid composition (t = 20; metal concentrations: mol/L 10
-5
) 
Experime
nt 
[HCl
] 
[Na
OH] 
pH Si Na Mg Al K Ca Ti Mn Fe 
BT-01-01 0 0 9.247
*
 10.4
6 
982.
41 
22.7
5 
1.46 254.
12 
13.5
7 
0.0
6 
0.0
1 
0.19
BT-01-02 9.41 0 5.964 41.2
9 
864.
72 
101.
26 
2.08 283.
74 
345.
22 
0.1
6 
1.3
3 
0.08
BT-01-10 1.58 0 7.853 12.4
2 
998.
09 
46.3
7 
0.63 276.
56 
76.5
8 
0.0
3 
0.0
2 
0.00
2 
BT-01-17 0.16 0 9.053 10.3
8 
1002
.03 
24.8
4 
1.23 261.
06 
13.8
8 
0.0
3 
0.0
1 
0.01
BT-01-18 0.00 0.18 9.523 10.7
0 
1044
.87 
20.7
5 
1.54 258.
75 
10.7
5 
0.0
4 
0.0
05 
0.03
BT-01-21 0.00 5.79 11.477 28.1
7 
1611
.49 
0.26 6.01 233.
52 
3.24 0.0
4 
0.0
02 
DL 
BT-01-22 124.
72 
0 1.272 683.
04 
1023
.22 
724.
12 
772.
51 
683.
73 
641.
06 
34.
61 
6.4
9 
580.
53 
BT-01-23 66.5
0 
0 1.692 538.
67 
818.
31 
400.
33 
427.
48 
468.
65 
383.
69 
12.
82 
3.7
2 
305.
44 
Mineral suspension concentration = 19.91 g/L; Initital fluid composition = 10
-2
M NaCl; Titration time 
= 60 minutes; Suspension volume = 0.007 L 
  Titra
nt 
(mol
/L 
10
-3
) 
 Fluid 
compositi
on (t = 60; 
metal 
concentra
tions: 
mol/L 10
-
  
  
5
) 
Experime
nt 
[HCl
] 
[Na
OH] 
pH Si Na Mg Al K Ca Ti Mn Fe
Mineral 
suspensi
on 
concentr
ation = 
19.73 
g/L; 
Initital 
fluid 
composit
ion = 10
-3
 
M NaCl; 
Titration 
time = 20 
minutes; 
Suspensi
on 
volume = 
0.002 L 
0 9.81
1
*
 
12.05 987.
86 
5.60 2.11 292.
30 
6.42 0.03 0.0
0 
DL  
BT-02-02 93.3
7 
0 1.185 599.
65 
889.
19 
548.
35 
590.
54 
545.
49 
414.
32 
26.
27 
4.4
3 
450.
84 
BT-02-03 76.6
0 
0 1.311 584.
28 
881.
21 
521.
50 
569.
27 
551.
26 
429.
11 
22.
20 
4.5
0 
431.
56 
BT-02-04 67.9
0 
0 1.419 583.
56 
898.
16 
518.
31 
544.
24 
554.
51 
417.
97 
19.
75 
4.4
7 
416.
10 
BT-02-05 58.9
6 
0 1.545 559.
06 
923.
98 
508.
99 
544.
15 
551.
63 
428.
99 
16.
67 
4.5
0 
400.
05 
BT-02-06 49.7
9 
0 1.714 536.
45 
951.
08 
479.
80 
509.
28 
553.
69 
439.
22 
13.
37 
4.4
0 
370.
67 
BT-02-07 40.3
7 
0 1.991 485.
63 
928.
51 
431.
98 
436.
56 
493.
55 
418.
45 
7.8
2 
4.3
2 
311.
64 
BT-02-08 30.6
9 
0 2.557 425.
90 
953.
26 
379.
29 
372.
89 
477.
16 
400.
75 
2.7
8 
4.1
1 
238.
57 
BT-02-09 20.7 0 3.849 251. 959. 270. 143. 410. 401. 0.6 3.6 94.7
  
4 60 43 44 10 84 69 4 2 9
BT-02-10 15.6
7 
0 4.359 161.
36 
958.
99 
211.
47 
29.6
7 
407.
61 
390.
64 
0.6
1 
3.1
7 
44.3
7 
BT-02-11 9.41 0 6.086 44.4
4 
859.
87 
116.
10 
2.26 314.
81 
310.
06 
0.1
5 
1.3
7 
0.06 
BT-02-12 7.28 0 6.271 31.4
7 
909.
57 
91.3
5 
0.34 296.
40 
307.
50 
0.0
3 
0.6
0 
DL
BT-02-13 5.02 0 7.047 22.6
7 
938.
93 
70.5
2 
0.42 331.
58 
250.
74 
0.0
3 
0.1
9
DL
BT-02-14 2.59 0 7.888 13.2
7 
952.
33 
41.4
3 
0.49 292.
22 
114.
58 
0.0
3 
0.0
3 
DL 
BT-02-15 0.93 0 8.653 8.72 861.
77 
17.0
9 
0.95 240.
53 
34.6
0 
0.0
3 
0.0
1 
DL
BT-02-16 0.72 0 8.934 8.74 886.
48 
14.2
1 
1.11 243.
29 
24.6
5 
0.0
3 
0.0
04 
DL 
BT-02-17 0.50 0 9.185 8.55 917.
63 
10.9
2 
1.43 241.
11 
16.0
5 
0.0
3 
0.0
02 
DL
BT-02-18 0.26 0 9.478 9.06 953.
36 
7.55 1.72 241.
21 
10.0
8 
0.0
3 
0.0
01 
DL
BT-02-19 0.10 0 9.628 9.38 973.
66 
6.04 1.98 234.
74 
8.53 0.0
3 
0.0
02 
DL 
Mineral 
suspensi
on 
concentr
ation = 
20.08 
g/L; 
Initital 
fluid 
composit
ion = 10
-2
 
M NaCl; 
Titration 
time = 20 
minutes; 
Suspensi
1.33 10.6
31 
12.82 968.
93 
1.10 3.92 199.
94 
1.48 0.03 0.0
00 
DL 
  
on 
volume = 
0.002 L 
Mineral suspension concentration = 20.04 g/L; Initital fluid composition = 10
-2
M NaCl; Titration time 
= 60 minutes; Suspension volume = 0.007 L 
  Titrant 
(mol/L 10
-3
) 
Fluid composition (t = 60; metal concentrations: mol/L 10
-5
) 
Experime
nt 
[HCl
] 
[Na
OH] 
pH Si Na Mg Al K Ca Ti Mn Fe
BT-03-01 0 0 9.931
*
 9.30 976.
60 
6.08 2.17 301.
60 
5.71 0.0
3 
0.0
0 
DL
BT-03-02 93.3
7 
0 1.166 576.
30 
912.
71 
496.
87 
538.
78 
562.
44 
399.
81 
28.
90 
4.2
5 
407.
47 
BT-03-03 76.6
0 
0 1.287 570.
83 
936.
14 
497.
56 
535.
56 
555.
28 
475.
58 
26.
49 
4.5
2 
404.
86 
BT-03-04 67.9
0 
0 1.382 554.
90 
953.
30 
497.
43 
534.
80 
579.
52 
490.
94 
24.
42 
4.5
3 
398.
14 
BT-03-05 58.9
6 
0 1.502 546.
19 
1053
.14 
488.
71 
523.
32 
664.
01 
525.
43 
21.
67 
4.7
6 
387.
28 
BT-03-06 49.7
9 
0 1.647 517.
14 
972.
31 
450.
99 
471.
12 
534.
64 
499.
70 
17.
77 
4.3
6 
340.
88 
BT-03-07 40.3
7 
0 1.889 477.
18 
989.
96 
417.
78 
436.
99 
537.
41 
493.
54 
11.
61 
4.3
2 
302.
47 
BT-03-08 30.6
9 
0 2.437 425.
71 
984.
14 
363.
14 
371.
03 
498.
94 
491.
15 
4.2
1 
4.1
1 
230.
60 
BT-03-09 20.7
4 
0 3.785 259.
06 
1062
.81 
272.
55 
164.
85 
436.
17 
486.
67 
0.6
6 
3.6
6 
103.
84 
BT-03-10 15.6
7 
0 4.314 158.
88 
972.
84 
200.
20 
29.5
7 
414.
01 
462.
19 
0.3
6 
3.2
5 
46.8
2 
BT-03-11 9.41 0 5.810 89.3
7 
879.
19 
107.
33 
2.26 310.
92 
329.
36 
0.1
6 
1.6
6 
0.06
BT-03-12 7.28 0 6.535 75.6
9 
894.
79 
86.4
2 
1.80 326.
82 
292.
79 
0.1
5 
0.6
2 
DL 
  
BT-03-13 5.02 0 7.091 14.3
6 
924.
23 
65.7
5 
0.42 332.
73 
261.
19 
0.0
3 
0.1
9 
DL
BT-03-14 2.59 0 7.869 9.28 949.
76 
39.8
7 
0.52 289.
40 
119.
09 
0.0
3 
0.0
4 
0.01 
BT-03-15 0.93 0 8.784 8.70 859.
76 
16.3
2 
1.01 230.
04 
34.7
5 
0.0
3 
0.0
1 
0.01
BT-03-16 0.72 0 9.012 8.73 903.
92 
13.1
5 
1.20 229.
97 
24.4
0 
0.0
3 
0.0
1 
0.01 
BT-03-17 0.50 0 9.232 9.14 925.
08 
10.3
8 
1.44 244.
35 
16.7
2 
0.0
3 
0.0
04 
0.01
BT-03-18 0.26 0 9.547 9.58 946.
17 
7.63 1.82 236.
82 
10.6
0 
0.0
3 
0.0
03 
0.01
BT-03-19 0.10 0 9.749 14.7
5 
978.
07 
6.29 2.12 239.
80 
8.43 0.0
3 
0.0
02 
0.01 
BT-03-20   1.33 10.733 9.67 990.
80 
1.15 3.58 370.
65 
3.75 0.0
3 
0.0
02 
0.00
2 
Mineral suspension concentration = 19.99 g/L; Initital fluid composition = 10
-3
M NaCl; Titration time 
= 20 minutes; Suspension volume = 0.007 L 
  Titrant 
(mol/L 10
-3
) 
Fluid composition (t = 20; metal concentrations: mol/L 10
-5
) 
Experime
nt 
[HCl
] 
[Na
OH] 
pH Si Na Mg Al K Ca Ti Mn Fe
BT-04-01 0 0 9.476
*
 55.0
8 
101.
27 
6.83 3.17 267.
08 
19.7
0 
0.2
7 
DL DL 
BT-04-02 72.2
8 
0 1.336 563.
72 
96.6
4 
492.
96 
522.
88 
551.
01 
521.
21 
27.
02 
4.1
7 
385.
77 
BT-04-03 49.7
9 
0 1.614 504.
23 
101.
12 
423.
18 
447.
79 
513.
93 
505.
27 
18.
57 
3.8
9 
313.
06 
BT-04-04 40.3
7 
0 1.874 469.
64 
106.
49 
403.
94 
431.
74 
526.
93 
510.
01 
12.
72 
3.7
8 
292.
94 
BT-04-05 30.6
9 
0 2.548 420.
33 
116.
75 
356.
99 
368.
20 
530.
44 
480.
80 
3.8
6 
3.8
9 
223.
75 
BT-04-06 28.2 0 2.920 389. 121. 333. 331. 532. 475. 2.4 3.6 187.
  
3 95 92 67 27 38 70 3 5 89
BT-04-07 25.7
5 
0 3.333 356.
87 
114.
98 
318.
58 
278.
95 
521.
82 
471.
12 
1.6
2 
3.5
3 
157.
80 
BT-04-08 23.2
6 
0 3.564 298.
55 
95.7
0 
288.
16 
201.
17 
429.
10 
460.
48 
1.0
8 
3.3
9 
120.
69 
BT-04-09 20.7
4 
0 3.861 247.
00 
127.
82 
274.
60 
146.
85 
473.
52 
498.
65 
0.8
7 
3.4
1 
94.4
7 
BT-04-10 18.2
1 
0 4.022 203.
89 
111.
62 
242.
58 
89.6
7 
434.
47 
474.
66 
0.8
6 
3.1
8
71.7
0 
BT-04-11 15.6
7 
0 4.396 153.
25 
112.
47 
192.
03 
24.8
7 
393.
13 
450.
83 
0.8
1 
2.6
9 
38.3
8 
BT-04-12 13.1
0 
0 5.240 118.
30 
111.
99 
153.
53 
3.94 366.
37 
412.
20 
0.3
8 
2.4
4 
11.8
4 
BT-04-13 10.5
2 
0 5.878 39.1
4 
107.
81 
131.
65 
1.77 377.
93 
394.
12 
0.2
1 
1.8
3 
0.60 
BT-04-14 8.99 0 6.129 31.8
5 
100.
93 
104.
07 
1.69 325.
75 
327.
08 
0.2
1 
1.1
4 
DL
BT-04-15 7.72 0 6.342 31.1
5 
98.1
6 
91.3
1 
1.61 314.
97 
291.
38 
0.1
9 
0.6
6 
DL
BT-04-16 7.28 0 6.466 20.2
2 
103.
50 
88.9
2 
1.69 322.
72 
284.
69 
0.2
2 
0.5
7 
DL 
BT-04-
17
a
 
7.52 0 6.966 31.1
9 
104.
56 
69.1
6 
1.68 314.
79 
221.
41 
0.2
2 
0.1
0 
DL
a
Biotite-bearing suspension 5 ml 
 
 
 
Table A-2. Experimental details of biotite-free batch titrations. Fluids equilibrated with biotite for 12 
hours and subsequently filtered prior to titration. * indicates values of pHimm 
Mineral suspension concentration = 19.70 g/L; Initital fluid composition = 10
-2
M NaCl; Titration time 
= 20 minutes; Suspension volume = 0.002 L 
  
  Titrant (mol/L 10
-3
)
Experiment [HCl] pH
BT-05-01 0 9.638
*
BT-05-02 11.04 1.938
BT-05-03 6.79 2.178 
BT-05-04 5.21 2.313 
BT-05-05 3.56 2.552
BT-05-06 2.70 2.763
BT-05-07 1.82 3.181
BT-05-09 0.68 6.577
BT-05-10 0.52 7.110 
BT-05-11 0.36 7.481 
BT-05-12 0.18 8.279
BT-05-13 0.07 8.860
Mineral suspension concentration = 19.73 g/L; Initital fluid composition = 10
-3
M NaCl; Titration time 
= 20 minutes; Suspension volume = 0.002 L 
  Titrant (mol/L 10
-3
) 
Experiment [HCl] pH
BT-06-01 0 9.839
*
BT-06-02 67.90 1.095
BT-06-03 48.86 1.253
BT-06-04 35.56 1.389 
BT-06-05 21.75 1.602
BT-06-06 11.04 1.905
BT-06-07 6.79 2.155
BT-06-08 3.56 2.536
BT-06-09 0.68 6.710 
  
BT-06-10 0.36 7.511
BT-06-11 0.07 9.002
Mineral suspension concentration = 20.08 g/L; Initital fluid composition = 10
-2
M NaCl; Titration time 
= 20 minutes; Suspension volume = 0.002 L 
  Titrant (mol/L 10
-3
)
Experiment [HCl] pH
BT-07-01 0 9.661
*
BT-07-02 11.04 1.901
BT-07-03 6.79 2.128 
BT-07-04 5.21 2.276 
BT-07-05 3.56 2.508
BT-07-06 2.70 2.727
BT-07-07 1.82 3.165
BT-07-08 0.92 6.338
BT-07-09 0.68 6.694 
BT-07-10 0.52 6.972 
BT-07-11 0.36 7.461 
BT-07-12 1.46 3.621
BT-07-13 1.10 5.926
BT-07-14 1.28 4.752
 
 
 
 
 
 
 
  
 
 
Table A-3. Experimental details of electrokinetic titrations performed at 25 °C. 
Ionic 
Strength 
Electrolyte pH Mobility  ζ-potential  
   (µm/s/V/cm) S.D. (mV) S.D. 
0.001 HCl 3.032 0.05 0.28 0.71 3.75 
 NaCl 3.664 -0.67 0.27 -9.16 3.64 
  4.453 -1.26 0.29 -17.11 3.94 
  6.256 -3.34 0.24 -45.2 3.25 
  6.253 -3.67 0.36 -46.69 4.87 
  6.339 -4.26 0.51 -57.65 6.85 
0.005 NaCl 3.650 -0.22 0.27 -3.22 3.97 
  4.898 -0.6 0.25 -8.74 3.63 
  5.974 -1.93 0.23 -28.12 3.40 
  6.240 -2.35 0.43 -34.12 6.28 
  6.111 -2.36 0.38 -34.27 5.49 
  6.651 -2.27 0.59 -32.91 8.53 
  6.566 -2.47 0.37 -35.8 5.42 
  7.231 -3.13 0.31 -45.31 4.51 
0.01 HCl 2.006 0.37 0.22 4.93 2.92 
 NaCl 2.966 -0.38 0.20 -5.02 2.70 
  3.924 -0.75 0.21 -9.98 2.80 
  4.920 -1.21 0.23 -16.05 3.11 
  5.822 -1.97 0.27 -26.01 3.57 
  6.182 -2.44 0.31 -32.46 4.14 
  6.618 -2.76 0.29 -36.71 3.83 
  
  6.714 -2.71 0.48 -36.01 6.41 
  7.250 -2.91 0.37 -38.59 4.97 
  7.266 -2.59 0.19 -34.3 2.52 
  7.480 -2.9 0.25 -38.29 3.30 
  7.890 -3.01 0.38 -39.7 5.04 
  8.303 -3.27 0.18 -43.08 2.31 
  8.923 -3.21 0.23 -42.27 2.97 
0.05 NaCl 1.941 0.43 0.18 6.06 2.49 
  2.489 0.3 0.19 4.25 2.73 
  3.074 0.12 0.17 1.65 2.45 
  4.411 -0.3 0.15 -4.23 2.11 
  5.732 -0.55 0.23 -7.66 3.20 
  6.296 -1.4 0.33 -19.65 4.59 
  6.643 -2.1 0.18 -29.29 2.45 
  6.726 -2.11 0.22 -29.52 3.88 
  6.724 -2.2 0.25 -30.74 3.55 
  6.712 -2.16 0.35 -30.14 4.88 
  6.901 -2.17 0.24 -30.33 3.32 
  7.370 -2.21 0.19 -30.86 2.71 
  7.861 -2.31 0.29 -32.24 3.98 
  8.276 -2.51 0.34 -34.94 4.68 
  10.096 -2.72 0.15 -37.91 2.16 
0.1 HCl 1.055 0.21 0.36 2.92 5.03 
 NaCl 1.929 0.24 0.20 3.31 2.83 
  2.450 0.41 0.19 5.68 2.58 
  3.012 0.31 0.09 4.25 1.24 
  
  3.670 -0.05 0.16 -0.75 2.27 
  5.462 -0.56 0.16 -7.78 2.29 
  6.333 -1.35 0.19 -18.77 2.64 
  6.528 -1.71 0.19 -23.71 2.59 
  6.684 -1.56 0.21 -21.71 2.95 
  6.761 -1.54 0.16 -21.39 2.18 
  6.800 -1.68 0.20 -23.36 2.80 
  6.945 -1.72 0.11 -23.83 1.52 
  7.317 -2.01 0.31 -27.84 4.30 
  9.072 -2.03 0.23 -28.16 3.23 
  11.661 -2.18 0.23 -30.17 3.24 
 
 
Appendix B 
Worked examples of theoretical equations outlined in section 3. 
  
Fig. 1A
  
Fig. 1B
  
Fig. 2
  
Fig. 3A
  
Fig. 3B
  
Fig. 4
  
Fig. 5
  
Fig. 6
  
Fig. 7A
  
Fig. 7B
  
Fig. 8
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